Non-alcoholic fatty liver disease (NAFLD) is a frequent accompaniment of obesity and insulin resistance. With the prevalence approaching 85% in obese populations, new therapeutic approaches to manage NAFLD are warranted.
Introduction
Non-alcoholic fatty liver disease (NAFLD) is characterised by increased hepatic fat accumulation in individuals not consuming excessive alcohol and represents a spectrum of disease ranging from 'simple' steatosis to non-alcoholic steatohepatitis [2] , which is only distinguishable by histological examination [3, 4] . Non-alcoholic steatohepatitis (NASH), the inflammatory component, predisposes to hepatic fibrosis, cirrhosis, and subsequent end-stage liver disease and hepatocellular carcinoma [5] [6] [7] . NAFLD is independently associated with coronary heart disease [8] , insulin resistance [9, 10] , and type II diabetes [10, 11] . In Western populations, the prevalence of NAFLD may exceed 30% [12] , and can be as high as 88% in the obese [13] . Risk factors for the development of NAFLD include central obesity, type II diabetes, dyslipidemia, and hypertension [10, 11, [13] [14] [15] . Given the increasing prevalence and incidence of these conditions [16] [17] [18] [19] [20] [21] , the global burden of NAFLD is expected to increase.
Currently, the primary treatment for NAFLD is weight loss by lifestyle therapy involving diet and exercise. Weight loss has been shown to improve liver enzymes [22] [23] [24] , decrease plasma triglycerides [23, 25] and improve liver fatness, as measured by magnetic resonance spectroscopy (MRS), ultrasonography or direct histological evaluation [25] [26] [27] . Major reductions in weight and consequent improvements in liver pathology can also be achieved by bariatric surgery [23, 25] , but this is not feasible for the large number of patients presenting with this disease [20, [28] [29] [30] [31] . Similarly, pharmacotherapy including insulin sensitisers, hypolipidemics and vitamin E [2, 32] have been trialled in small cohorts and their effectiveness is limited by poor compliance [33, 34] , associated weight gain [32] , and side-effects [35] . Current evidence from available randomised control trials suggests that only thiazolidinediones actually reduce liver fat [2, 32, 35] .
Although studies investigating the dietary patterns of patients with NAFLD vs. controls have reported conflicting results with respect to the importance of macronutrient composition [36] [37] [38] [39] [40] [41] , several studies have implicated dietary alteration beyond gross macronutrient change as causal in the development of NAFLD. When compared with controls, individuals with NAFLD have been shown to have lower fish [41] and polyunsaturated fat intake [38] and a higher nÀ6/nÀ3 consumption [36] . Accordingly, analysis of the composition of hepatic long chain fatty acids has shown a decrease in the relative levels of nÀ3 PUFA (polyunsaturated fatty acids) in patients with NAFLD compared with controls, and an increase in the hepatic nÀ6/nÀ3 PUFA ratio [1, 42, 43] . These findings have been confirmed in animal studies [44] .
Given the well-recognised problems of adherence to lifestyle interventions, achieving sustainable weight loss, and side-effects with pharmacological agents, dietary fish oil supplementation represents a simple and practical alternative therapy. Fish oil provides a convenient source of essential nÀ3 PUFA with few side effects [45] [46] [47] [48] and may directly reduce hepatic lipogenesis and steatosis [1, 49] . A recent systematic review of available randomised controlled trials which included subanalysis of the efficacy of nÀ3 PUFA supplementation for reducing alanine aminotransferase (ALT) levels failed to provide a definitive conclusion regarding its efficacy in reducing liver fat in humans [32] . The authors cited heterogeneity in population and study design and a lack of posttreatment histology as barriers to meta-analysis of the effect of PUFA on liver fatness [32] . However, there is a considerable body of additional evidence, including more recent RCT (randomised controlled trial) data, which suggests that fish oil supplementation is an efficacious therapy for achieving hepatic benefits.
Therefore, the aim of this study was to conduct a systematic review and meta-analysis of all human trials assessing the efficacy of dietary nÀ3 PUFA supplementation on modifying hepatic fat content and serum aminotransferases in adults.
Methods
A systematic literature search was conducted by one researcher (HP) to identify and appraise studies of omega-3 fatty acids or fish oil supplementation in NAFLD or NASH. Databases searched from inception to November 2010 were: Medline (Ovid), Cinahl (EBSCO Host), AMED (Ovid), Web of Science (ISI Web of Knowledge), Scopus, CAM, Embase, ProQuest 5000, Science Direct and PubMed. The reference lists of review articles were hand-searched for additional relevant studies. Search terms were: 'fish oil', 'EPA' (eicosapentaenoic acid), 'eicosapentaenoic acid', 'eicosapentanoic acid', 'DHA' (docosahexaenoic acid), 'docosahexaenoic acid', 'docosahexanoic acid', 'omega-3', 'omega-3', 'nÀ3', and 'NAFLD', 'fatty liver' 'hepatic steatosis', 'hepatic', 'liver', 'steatohepatitis', 'NASH', 'aminotransferase', 'ALT', and 'AST'.
Inclusion and exclusion criteria
Inclusion and exclusion criteria were determined a priori by two researchers (HP and NJ). Two researchers (HP and CB) also determined studies eligible for review. Included studies employed trials involving oral administration of omega-3 fatty acid supplementation in male and/or female adult (P18 years) humans, including both NAFLD and NASH cohorts where this was specified. Studies were excluded if they addressed alcoholic, drug-induced, total parenteral nutrition-induced, viral or genetic causes of liver injury. Studies were not limited to the English language, nor limited by design. Studies were excluded based on file type: book sections, film/broadcast, opinion articles, observational studies, abstracts without adequate data or reviews.
Data extraction
Outcome measures used in this review were: liver fatness quantified by needle biopsy and histological assessment, proton magnetic resonance spectroscopy ( 1 H MRS), or inferred by ultrasonography; and plasma alanine aminotransferase (ALT) and aspartate aminotransferase [1] levels. Data on participants, interventions, adverse events, dietary assessment, statistical analyses, pre-test standardisation, and diet control were extracted. Authors were contacted if further details were needed. Where required, means and standard deviations were calculated using appropriate equations [50] .
Analyses and meta-analyses
The between-trial standardised mean difference, or effect size (ES), and 95% confidence intervals (CI) were calculated. The ES was used to standardise changes of liver fat and aminotransferases. Pooled estimates of the effect of PUFA supplementation on liver fat and aminotransferases, using ES, were obtained using a fixed-effects model. We presumed a correlation of 0.5 between outcomes measured within each comparison group. Between-study variability was examined using the I 2 measure of inconsistency. This statistic, expressed as a percentage between 0 and 100, provides a measure of how much of the variability between studies is due to heterogeneity rather than chance. Where significant heterogeneity was observed, we analysed data by random effects model. We performed three analyses to compare the effect of (i) PUFA vs. control on liver fat change, (ii) PUFA vs. control on ALT change, and (iii) PUFA vs. control on AST change. Sub-analyses were also performed a priori for studies which used RCT design. All analyses were conducted using Comprehensive Meta-analysis Version 2, Biostat, Englewood NJ (2005).
Study quality assessment
Study quality was assessed by two researchers/reviewers (HP and CB) using a modified Downs and Black checklist [51] . The population for checklist items 11 and 12 was defined as any adult with NAFLD or NASH. The 'usual treatment' for NAFLD (item 13) was defined as the instruction for the patient to lose weight by changing diet, increasing exercise or both. Potential confounders (item 5) were age, gender, BMI, baseline biochemistry, change in diet/exercise, medications and alcohol intake. For item 27, power was calculated (G power reference) for each study based on change in liver fatness where p <0.05 and adequate power P0.8. A score of 1 was given for adequate power, and 0 for inadequate power or if power could not be calculated. Where reviewers disagreed, specific criteria were discussed with a third reviewer (NJ) until consensus was reached. If an item was unable to be determined a 'no' was given.
Results
A total of 23,231 non-duplicated entries were identified by the systematic search and titles and abstracts were reviewed. Full text was obtained for articles where title and abstract alone were insufficient to determine eligibility for inclusion. Ten studies were deemed relevant from the search; one was excluded after contacting the authors as only the abstract was available review [52] . The remaining nine studies are summarised in Table 1. Four of the included studies were RCTs [48, [53] [54] [55] . The remaining five studies employed: randomised placebo controlled cross-over design (n = 1; [56] ); quasi experimental cross-over design (n = 1; [57] ); quasi experimental design, in which all participants underwent omega-3 treatment and those who refused treatment were considered as the control group (n = 1; [45] ); and uncontrolled design, in which all participants underwent omega-3 treatment (n = 2; [46, 47] ). There were no reports of adverse effects of omega-3 PUFA supplementation in the studies reviewed (Fig. 1) .
Data was analysed for 355 individuals who participated in the nine studies; 200 were male (56.3%). The median duration of treatment with omega-3 fatty acids was 6 months (range: 8 weeks to 12 months). The median dose of PUFAs was 4 g/day (range: 0.8-13.7 g/day). Six studies specified the dosage of EPA and DHA (range: 0.375-4.626 g of EPA per day; 0.24-2.24 g of DHA per day). One study used highly purified EPA only [47] . Three studies gave dietary recommendations to all participants [48, 53, 54] and three studies advised on weight reduction by caloric restriction for participants who were overweight or obese [46, 48, 54] . These concurrent interventions were given to both the treatment and control groups. In all conditions, subjects were advised to maintain their usual physical activity habits.
Measurement methods used to quantify change in liver fatness included ultrasound (seven studies), magnetic resonance spectroscopy (two studies), and liver biopsy (two studies; with eight patients in total having repeat biopsies).
For the purposes of data pooling and analysis, the 'high dose' group was selected as the 'treatment' group for analysis in the study by Chen et al. [55] ; and it was deemed that there was no appropriate 'control' group in the study by Hatzitolios et al. [46] as the two other groups of participants each received lipidlowering pharmacological agents, not placebo or no treatment.
Effect of fish oil on liver fat and liver tests
The effect of fish oil/omega-3 therapy on liver fatness and function is summarised in Table 1 and Figs. 2-4. Seven studies provided sufficient data to enable calculation of mean differences, effect size and 95% confidence intervals (95% CI) for liver fat, seven studies for ALT, and six studies for AST (Figs. 2-4) . For liver fat, six of the seven studies showed an ES favouring PUFA therapy, ranging from À0.48 to À1.72 (p <0.001). Six of these studies showed a statistically significant effect for PUFA supplementation on liver fat. Two of the seven studies showed an ES favouring PUFA therapy on ALT, ranging from À0.90 to À2.35, both of which were statistically significant. One study showed an ES favouring the control condition on ALT which was significant [48] . Of the six studies which measured AST, three studies showed an ES favouring PUFA therapy, ranging from À0.84 to À2.86, all of which were statistically significant. One study showed an ES favouring the control condition on AST which was statistically significant.
Quality analysis
The results of quality analysis are detailed in Supplementary  Table 1 . External validity, measures of compliance, blinding of subjects and data collectors, and researchers blinding to randomisation until the completion of the study were poorly executed and/or poorly reported. These limitations can be attributed to the pilot nature of some studies where no randomisation or no control group was formed. Four of the nine studies achieved adequate power to detect a change in liver fat; two studies had insufficient data to calculate power for liver fat. Articles deemed relevant to general topic n = 296
Articles excluded by abstract n = 285
Excluded : • omega-3 from food, not supplementation, n = 1 • abstract only available after contacting the authors, n = 1
Articles included in the analyses n = 9 
Discussion
The present investigation provides the first meta-analysis of studies investigating the effect of omega-3 PUFA on liver fat in humans. The data show that, despite significant heterogeneity in study design, marine omega-3 fatty acid supplementation in humans is associated with a positive effect on liver fat. Importantly, this effect persisted when only RCTs were examined. Despite a significant benefit of PUFA therapy on AST and a tendency toward a benefit on ALT, these effects were not significant after examination of only RCT data. Our results build on the findings of a recent review by Musso et al. [32] , which provided a meta-analysis of ALT data from three RCTs available at that time. The current review pooled data from a larger number of studies and showed a benefit on liver fatness, but like Musso et al., found no significant benefit on ALT levels. The current data also suggest that AST is unaffected by PUFA supplementation. However, there was a lack of well-controlled, randomised trials, and consequently a lower overall quality rating for the available data. Furthermore, it is well acknowledged that there is high intra-individual variability in liver tests which may reduce the ability to detect significant changes in these parameters with interventions.
Although nine studies were identified that examined the effect of dietary omega-3 PUFA supplementation on liver fat, two studies [46, 57] could not be included in liver fat analyses because of insufficient data. Two and three studies had insufficient data for inclusion in ALT analyses [55, 57] Fig. 4 . Meta-analysis of effect of omega-3 supplementation on AST using a random effects model.
[55-57], respectively. There was significant statistical heterogeneity between studies, and study design varied markedly. Four studies employed non-randomised designs, duration of intervention ranged from 8 weeks to 12 months (median: 6 months), and dose of omega-3 PUFA ranged from 0.8 to 13.7 g per day (median: 4 g/day). When considering the effect of duration of intervention on the study results, the magnitude of change in liver fat and liver enzymes was not a function of duration of dietary supplementation with omega-3 PUFA because studies of long duration (12 months) [45, 47, 53] yielded similar or even smallermagnitude changes to those of short [56] or medium [46, 48, 54, 55] duration (Figs. 2-4) . Although no studies reported compliance rate, the similar magnitude of effect may be due to lower average compliance over the longer period of intervention. Dose of omega-3 PUFA also did not appear to alter the effect of supplementation: over the same duration of intervention (6 months), omega-3 PUFA dose of 5 g per day gave a reduction in steatosis grade ES: À0.73 (95% CI: À0.02 to À1.44) [55] , while 2 g omega-3 PUFA per day gave a similar effect size for a reduction in steatosis grade: À0.63 (À0.97 to À0.28) [48] . Given the limited number of included studies, the variation in design including dose and duration of omega-3 supplementation, it is clear that further research is required before recommendations can be made regarding the optimal dose and duration of therapy for this patient cohort.
Key Points
• Omega-3 supplementation decreases liver fat
• The optimal dose required has not been determined, supplementation
• Well-designed randomized controlled trials to quantify the reductions in liver fat and the optimal dose of omega-3 supplementation are urgently required but benefits are seen with ≥0.83 g/day of omega-3
Given that NAFLD is associated with an increased risk of cardiovascular disease (CVD), potential hepatic benefits of PUFA therapy should be considered in combination with its effects on cardio-metabolic risk factors, including insulin resistance and dyslipidaemia [10, 11, [13] [14] [15] . On the basis of the cohorts included in the present meta-analyses in which these parameters were measured: 8 of 9 studies reported a statistically significant benefit of omega-3 PUFA supplementation on blood triglycerides [45, 46, 48, [53] [54] [55] [56] [57] ; 2 of 5 showed a significant improvement in low-density lipoprotein cholesterol (LDL-c) [46, 48] (3 of 5 reported non-significant changes [53, 56, 57] ) and 1 of 4 studies noted an improvement in fasting glucose concentration [45] (3 of 4 reported non-significant changes [47, 53, 56] ). The sole study that measured blood pressure reported significant improvements in systolic and diastolic blood pressure [56] . However, undertaking meta-analyses on this sub-set of data would not be appropriate as it fails to represent the larger body of evidence available regarding the effect of omega-3 PUFA supplementation on glycaemic control, blood pressure, lipids, and lipoproteins. There is clear evidence from meta-analyses that PUFA supplementation improves blood triglycerides [58] [59] [60] and blood pressure [61] but is associated with a small elevation in LDL-c [58] [59] [60] . There is some evidence to suggest that PUFA supplementation may elevate fasting blood glucose concentration [59] , but the weight of data suggests that this is not significant [58, 60] .
It should be noted that the study by Zhu et al. [48] used dietary intervention in conjunction with omega-3 PUFA supplementation whereas Chen et al. [55] did not, and the results may be influenced by dietary intake. It is notable that three of the four available RCTs used a combination of omega-3 supplementation with dietary recommendations or diet therapy, and the addition of this dietary component may also have had a marked effect on serum liver enzymes and liver steatosis. A potential limitation of our data is that we pooled data from different measurement techniques for liver fat analysis (MRS, ultrasound). Importantly, we have reported ES which is based on the mean change and variability between intervention and control groups as opposed to quantitative changes, which mitigates this problem. Although pooling data in this way could be confounded by differences in measurement error of the techniques (the reported coefficient of variation for MRS is lower than ultrasound [62] ) 6 of the 7 studies in the pooled meta-analysis and all (4 of 4) in the RCTonly meta-analysis used the same measurement technique (ultrasound). We acknowledge that, at present, there is a lack of data from more sensitive, readily-available techniques such as MRS and suggest that this should be a pre-requisite in future studies.
Individuals with NAFLD have been shown to have a lower dietary intake of omega-3 fatty acids than healthy controls [36, 63] , and biochemical analyses have shown alteration in the hepatic long chain fatty acid composition towards an increase in the nÀ6/nÀ3 ratio. Animal data has shown that this is associated with a pro-inflammatory state [64] [65] [66] and increased lipogenesis leading to steatosis [42, 49, 67] . Conversely, omega-3 PUFAs are known to down-regulate sterol regulatory element binding protein 1c (SREBP-1c) and upregulate peroxisome proliferator activated receptor a (PPAR-a) which would favour fatty acid oxidation and reduce steatosis [1] . Given these observations and the fact that omega-3 PUFAs are essential in the human diet and unable to be synthesised de novo, dietary supplementation of nÀ3 PUFAs has been suggested to be efficacious for the management of NAFLD [67] . Our data support PUFA supplementation as effective for liver fat reduction in human trials, as indicated by a significant and strong effect size. This compares favourably with other pharmaceutical and nutraceutical interventions including metformin, simvastatin, ursodeoxycholic acid, vitamins E and C, and betaine [32] . A reduction in steatosis with omega-3 PUFA supplementation in the absence of weight loss was shown in five of the studies reviewed, which is clinically significant, and supplementation led to the amelioration of liver steatosis as inferred by ultrasonography for 27% of patients who received omega-3 supplementation in these studies [45, 47, 48, 53, 54] . However, there is currently little information concerning the magnitude of hepatic benefit as assessed by magnetic resonance imaging (MRI), which is considered to be the gold standard for quantifying liver fat [68, 69] . Nine RCTs (clinicaltrials.gov identifier: NCT00819338, NCT00230113, NCT01277237, NCT01285362, NCT00760513, NCT00681408, NCT00845845, NCT01154985) are currently evaluating omega-3 PUFA in NAFLD or NASH and their results should provide additional information.
The present analysis represents the first systematic review suggesting that omega-3 PUFA supplementation can reduce liver steatosis in humans. From the available data, there is no evidence of a significant effect on liver tests. The limited number of RCTs, variable study designs and potential confounding from differential dietary intake, limit the strength of available data. Additional well-designed and larger randomised controlled trials are required to establish optimal doses, define appropriate patient groups and to quantify the benefit of omega-3 PUFA therapy in patients with NAFLD.
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